Enteric fever is a febrile illness, occurring mostly in Asia and Africa, which can present as a severe and possibly fatal disease. Currently, a case fatality rate (CFR) of 1% is assumed when evaluating the global burden of enteric fever. Until now, no meta-analysis has been conducted to summarize mortality from enteric fever. Therefore, we conducted a systematic review and meta-analysis to aggregate all available evidence. We estimated an overall CFR of 2.49% (95% confidence interval, 1.65%-3.75%; n = 44), and a CFR in hospitalized patients of 4.45% (2.85%-6.88%; n = 21 of 44). There was considerably heterogeneity in estimates of the CFR from individual studies. Neither age nor antimicrobial resistance were significant prognostic factors, but limited data were available for these analyses. The combined estimate of the CFR for enteric fever is higher than previously estimated, and the evaluation of prognostic factors, including antimicrobial resistance, urgently requires more data.
3 antibiotics [11] . Currently, fluoroquinolones are the preferred treatment option, although decreased susceptibility to these antimicrobials has resulted in few remaining effective treatments for enteric fever [12, 13] .
Sustainable infrastructural changes to tackle the root causes of enteric fever-unclean water and inadequate sanitation-remain out of reach for the majority of the population in most endemic countries. Therefore, vaccination has been championed as an effective control strategy for enteric fever [14] . However, this strategy has been hindered by the moderate efficacy of currently licensed vaccines for S. Typhi, which cannot be used in children <2 years old, and by the absence of a vaccine for the S. Paratyphi serovars. New vaccines, such as the Tybar typhoid conjugate vaccine (TCV), recently licensed in India and prequalified by the World Health Organization (WHO), are more efficacious and immunogenic in infants [15, 16] . The WHO's Strategic Advisory Group of Experts recently recommended the introduction of TCVs to help control the burden of enteric fever, with priority given to countries with the highest burden of disease or high AMR [17] .
Implementation of these novel vaccines requires a precise understanding of the burden-and, in particular, the mortality rate-associated with enteric fever. A recent analysis showed that between 86% and 98% of the disability-adjusted life-years caused by typhoid fever were attributed to death in 5 settings in India, Kenya, and Vietnam [18] . Moreover, uncertainty in the case fatality rate (CFR) was among the factors responsible for the largest proportion of uncertainty in the cost-effectiveness of TCV delivery strategies [18] . These findings underline the importance of a better understanding of enteric fever mortality. Therefore, we conducted a systematic review and meta-analysis to aggregate all available evidence on enteric fever mortality. We aimed to estimate the CFR, quantify the uncertainty, and explore the impact of potential prognostic factors, such as age and the presence of AMR.
METHODS
The reporting of this systematic review and meta-analysis adhere to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines and an a priori specified protocol registered in PROSPERO (registration No. CRD42017057428) [19, 20] .
Study Eligibility and Selection
Eligible studies were identified according to predefined inclusion and exclusion criteria ( Table 1) . We searched MEDLINE, PubMed Central, Embase, and Web of Science for eligible articles using terms related to "mortality, " "typhoid fever, " and "paratyphoid fever" on 11 January 2017, without language restrictions. A detailed overview of the search strategy is provided in the Supplementary Material (Supplement 1): Supplementary Figures 1-3 . Titles and abstracts were screened independently (Z. P. and N. J. S.), and eligibility was confirmed in a full-text screening. Articles were excluded if the study was limited to a subset of the population (eg, children) ( Table 1) . We identified additional eligible articles by screening the reference list of included articles. Screening of articles in foreign languages was carried out in duplicate. Any discrepancies were resolved through consensus or discussion with a third reviewer (J. B. or V. E. P.).
Data Extraction
To ensure that all relevant data were extracted, we (Z. P., N. J. S., and M. A.) piloted a data extraction form on 10 randomly selected articles. The final form (Supplement 2) collected data on study characteristics, study population characteristics, diagnosis of disease, Salmonella serovar (if reported), CFR estimate, prognostic factors related to the CFR, AMR, and factors that may introduce bias in the CFR. Data extraction was completed independently by Z. P. and N. J. S.; foreign-language articles were extracted by the respective reviewers. Any discrepancies were resolved through consensus or discussion with a third reviewer (J. B. or V. E. P.).
Risk of Bias Assessment
We evaluated the risk of bias according to 4 domains specified by the Cochrane risk of bias tool [21] . We evaluated selection bias (study population and type of surveillance), measurement bias (diagnostics for enteric fever), attrition bias (dropouts), and other factors that might introduce bias (Supplement 3 and Supplementary Table 1 ). We judged the potential sources of bias as low, unclear, or high risk of bias for each study. Moreover, we investigated publication bias by constructing a funnel plot.
Statistical Methods
For each study, we obtained the CFR by dividing the number of patients with laboratory-confirmed enteric fever who died (Y) by the total number with laboratory-confirmed enteric fever (n). We combined information across studies using a random intercept logistic regression model [22] . We investigated heterogeneity in the estimated overall CFR using the I 2 statistic [23] . As a secondary analysis, we conducted subgroup analyses, according to WHO region [24] , World Bank income category [25] , detection method used, Salmonella serovar, and presence of human immunodeficiency virus (HIV)-infected individuals, to identify possible sources of heterogeneity. Furthermore, we assessed a possible association between age or AMR and the CFR among studies with sufficient data. Finally, we evaluated the sensitivity of the overall estimate to data from individual The study is an epidemiological study of any design.
The study is an intervention study, but the estimates will be based only on the nonintervention group or the group administered the "gold standard" intervention.
The study assesses mortality rate associated with infection by S. Typhi or S. Paratyphi.
The study population under investigation is representative/typical for the country demography; ie, the study population age distribution covers all ages.
The study confirms S. Typhi and S. Paratyphi based on microbial culture and/or serological test results.
The study is conducted in an endemic country.
Exclusion criteria
The study was published before 1970.
The study contains data obtained before 1970 where no antibiotics were used.
The study is not conducted in humans.
The study is a review or non-peer-reviewed publication, such as a conference abstract, letter, editorial, or report.
The study is a microbiological study, except if clinical data are presented.
The data set is described multiple times, in which case only the most recent article is included.
The study population consists of a specific subset of patients, such as HIV-positive individuals, children, adults, and travelers. studies by performing a leave-one-out validation. All statistical analyses were conducted at a 5% significance level using the statistical software package "meta" in R (version 3.3.3) [26] .
RESULTS
Of the 6363 records identified, we screened 3742 titles and abstracts after deduplication, and conducted a full-text review for 114 articles (Figure 1 ). Twenty-nine articles met our inclusion criteria. Eleven additional articles were identified through cross-checking of references, resulting in a total of 40 articles being included in the systematic review and meta-analysis ( Figure 1 ). Seven articles were written in French [27] [28] [29] [30] [31] [32] [33] and 1 in Spanish [34] ; the remaining articles were in English. Of the 40 articles included, 2 (Butler and colleagues [35] and Van Den Bergh and colleagues [36] ), each reported mortality rates for enteric fever in 2 independent studies [35, 36] . Two other articles (Rao and colleagues [37] and Maskey and colleagues [38] ) provided separate numbers of deaths for S. Typhi and S. Paratyphi. Therefore, 44 outcomes from 42 distinct studies were included in the meta-analysis. Table 2 describes the characteristics of the included studies. Seventeen studies (40.5%) were conducted in Africa, 22 (52.4%) in Asia, and 3 (7.1%) in North America. The majority of the studies in Asia were conducted in India (7 of 22), Vietnam (4 of 22), or Indonesia (3 of 22). Among African countries, Nigeria (4 of 17) and Senegal (3 of 17) were the most represented. Because we did not exclude articles based on epidemiological design, 2 randomized controlled trials were included. All the remaining studies were observational studies, and 21 studies included hospitalized patients only. The methods to detect S. Typhi and S. Paratyphi varied among the 42 studies; 23 studies (54.8%) used a combination of a serological test and microbiological cultures to detect the organisms, and 18 (42.9%) used culture of blood or other specimens only. Fourteen studies (33.3%) included individuals infected with either S. Typhi or S. Paratyphi, but only 2 studies provided separate mortality estimates for S. Typhi and S. Paratyphi, and 28 studies (66.7%) included only S. Typhi in their analysis.
We estimated an overall CFR of 2.49% (95% CI, 1.65%-3.75%; I 2 = 94.7%). The CFR among hospitalized patients was 4.45% (95% CI, 2.85%-6.88%; I 2 = 87.0%; n = 21). Study-specific CFRs ranged from 0% to 23%, with the highest rates observed in Nigeria and Senegal; the corresponding 95% prediction interval ranged between 0.25% and 26.36% ( Figure 2 ) [27, 59] . The study conducted by Elegbeleye and colleagues [59] in Nigeria attributed the high CFR to very poor sanitary conditions. Seydi and colleagues [27] reported that 10 of 36 individuals in their study in Senegal were HIV-infected; however, they did not report deaths from enteric fever separately for HIV-infected versus uninfected individuals. Seven studies (reporting 8 outcomes) conducted in Africa, Asia, and North America, reported no deaths from enteric fever, with the number of cases varying from 14 to 406 [37, 38, 45, 50, 58, 62, 66] . Leave-one-out validation resulted in a CFR ranging from 2.37% to 2.71%, indicating that the CFR of the full set is robust to the influence of any single study (Supplement 4: Supplementary Table 2 ). There was considerable heterogeneity in the CFR between the studies, with an estimated I 2 of 94.7%, which we investigated Supplementary Figures 4-9) . When studies were grouped according to World Bank income level, the lower-middle income countries had considerably less heterogeneity (I 2 = 35.5%) than the low-income countries; however, the CFR did not differ significantly among the different income levels. In addition, we grouped studies according to WHO region and observed that there was lower heterogeneity in the Western Pacific region (I 2 = 40.7%), which also had the lowest CFR (1.26%; 95% CI, 0.66%-2.36%); the greatest heterogeneity was observed in the African region (I 2 = 94.2%), which also had the highest CFR (3.82%; 95% CI, 1.97%-7.26%). We also observed substantial heterogeneity for studies conducted in the same country, as well as within the same setting (Supplement 5: Supplementary  Figure 9 ). Other potential factors were investigated, such as the Salmonella serovar, presence of HIV-infected individuals, and the detection method used to identify the organism; however, none of these could explain the heterogeneity in the CFR (Table 3 ; see Supplement 5 for details).
Next, we assessed the potential impact of age on mortality rates for enteric fever by comparing the odds of death from enteric fever in children (≤15 years of age) versus adults (>15 years of age), which was reported in 15 studies (Figure 3 ; see Supplement 6: Supplementary Table 3 for details and assumptions). The estimated overall odds ratio (OR) comparing children with adult (>15 years of age) was 0.73 (95% CI, .37-1.44). All studies except 2 showed no significant difference between children and adults; the 2 studies with a statistically significant effect showed that the odds of dying of enteric fever were higher in children than in adults [46, 56] .
Six studies reported information on deaths separately for antimicrobial-resistant versus antimicrobial-sensitive strains (Figure 4 ; see Supplement 6 and Supplementary Table 4 for details and assumptions). The estimated probability of dying of enteric fever when infected with an AMR strain was 6.84% (95% CI, 3.17%-14.17%; I 2 = 38.0%). We found that the OR associated with death from infection with a resistant versus a susceptible strain was 1.7 (95% CI, .69-4.33) (Figure 4 ) [35, 37, 43, 47, 53, 61] ; thus, the difference in CFR between the 2 groups was not statistically significant. Figure 5 displays the results of the risk of bias assessment, summarizing the proportion of outcomes judged as high, low, or unclear risk of bias. Results of the bias assessment for each individual study are provided in Supplementary Table 5 (Supplement 7). The main source of risk of bias was the type of surveillance. Only 3 studies (7.1%) performed active surveillance to identify enteric fever cases. More than 50% of the studies did not use the gold standard diagnostic (blood or bone marrow culture) to identify cases. Often, it was not possible to determine the risk of bias attributable to the study population because of limited information. We judged 31 studies (73.8%) to have low attrition bias owing to the lack of dropouts. In addition, the funnel plot showed an asymmetric distribution of point estimates, yielding evidence of publication bias, but this was driven by 1 large study (Supplement 8: Supplementary  Figure 10 ) [56] .
DISCUSSION
We estimated an overall CFR of 2.49% (95% CI, 1.68%-3.89%) from the existing literature, and a CFR among hospitalized patients of 4.45% (95% CI, 2.85%-6.88%). The probability of death from enteric fever did not differ significantly between children and adults (OR, 0.73; 95% CI, .37-1.44) or between AMR and sensitive strains (1.7; 95% CI, .69-4.33), which can mean either that there is no difference or that we did not have enough evidence to detect one. Nevertheless, our results highlight the potential severity of AMR infections, for which we estimated the CFR was 6.84% (95% CI, 3.17%-14.17%).
We found considerable heterogeneity in published estimates of the CFR for enteric fever. This heterogeneity persisted even when performing subgroup analyses of our data by WHO 
region, World Bank income level, detection method, and
Salmonella serovar (Table 3 ; Supplement 5). Most likely, heterogeneity cannot be explained solely by a single factor. Key differences between the studies will depend on local management of the disease, local policies, differences in culture and access to care, and so forth. Differences in reporting (and lack of reporting) did not allow us to explore more factors. Estimates can vary considerably, even within countries (Table 3 ; Supplement 5). Given the amount of heterogeneity detected in the meta-analysis, the results should be interpreted with caution. Until recently, a CFR of 1% has been assumed in estimating the mortality burden of enteric fever [6] [7] [8] . Crump and colleagues [7] based this on conservative estimates from hospital-based studies, and others have followed suit in the absence of new data. Mogasale and colleagues [6] built on a systematic literature review conducted by Crump and colleagues [67] and estimated a case-weighted mean CFR of 2.8% (95% CI, 2.0%-3.6%) in hospitalized patients. The results from their meta-analyses were used to conduct a bootstrap analysis as an alternative scenario in estimating the mortality burden of typhoid fever; however, the details of the meta-analysis are not provided [6] . Lozano and colleagues [68] used surveillance data from the Brazilian Ministry of Health's Information System for Notifiable Diseases and reported a mean CFR of 0.996%. Although systematic literature searches have been conducted, the authors summarized the CFR by simply aggregating the deaths and cases by certain factors or by providing the median and range, rather than conducting a formal meta-analysis [67, 69] .
Reliable estimates of the CFR of typhoid fever, its uncertainty, and how it varies depending on predictors such as age of patients, geographic region, and prevalence of AMR are essential for evaluating the cost-effectiveness of TCV delivery strategies. A recent analysis highlighted the fact that life-years lost due to death accounted for the vast majority of disability-adjusted life-years attributable to typhoid fever, and this was an important factor in determining the optimal vaccination strategy [18] . Thus, our revised estimate of the CFR for enteric fever, and its associated uncertainty, should be incorporated in future models of typhoid burden and cost-effectiveness of interventions.
The estimate found in this study was mostly derived from hospitalized cases and from passive surveillance studies. This might introduce bias in the CFR, because passive surveillance will most likely underestimate the number of cases [70] . The question then is whether the cases that were not detected are more or less ill. Saha and colleagues [71] argued that passive surveillance is biased toward more severe illness, because only very ill patients seek care. Following this reasoning, passive surveillance could overestimate the CFR for enteric fever. On the other hand, the CFR may be higher in the absence of treatment [36, 72] . An estimate of the CFR derived solely from active surveillance studies may be optimal, because all cases are included and followed up. However, implementation of active surveillance for febrile illness is difficult because countries where the disease is endemic do not have sufficient resources [73] .
Only 3 studies identified in our search conducted active surveillance, and among these studies, the CFR was 0.28% (95% CI, 0%-99.66%) [58, 61, 62] . Active surveillance might also underestimate the CFR owing to the enhanced clinical management of febrile patients in the context of the study. Ill patients might be encouraged to seek care and receive an appropriate diagnosis earlier than they would otherwise, thereby preventing their illness from progressing, leading to underestimation of the CFR [67] . Similar reasoning can be applied to randomized control trials in which patients receive enhanced care, potentially leading to an underestimate of the CFR.
The CFR was also lower among studies that relied solely on culture confirmation of cases (1.63%; 95% CI, .63%-4.12%) than in those that used both culture and serology to detect cases (3.22%; 95% CI, 2.08%-4.97%), although the difference was not statistically significant (Supplement 5). Serological tests for enteric fever, notably the Widal test, suffer from poor sensitivity. Therefore, studies that included serologically detected cases may include cases (and deaths) with other conditions. This could lead to an overestimate of the CFR if these false-positive cases were more severe than the culture-confirmed cases. In addition, clinical features may be misleading and laboratory tests may be unreliable in the presence of intestinal perforations, resulting in an underestimation of the CFR of enteric fever [69] . The CFR has been found to be higher among patients with intestinal perforation (15.4%), but the proportion of enteric fever episodes leading to severe outcomes is not yet well described [74, 75] . Two ongoing surveillance programs in Africa and Asia will hopefully provide more insights in the near future into the proportion of cases leading to severe complications.
Our search strategy and inclusion/exclusion criteria were designed to inform our overall estimate of the CFR of enteric fever in the general population. As such, we excluded studies limited, for instance, to certain age groups. Therefore, our results on the relationship between age and AMR and the CFR of enteric fever should be interpreted with caution. Further research on these specific topics is necessary.
The CFR of enteric fever remains high in endemic countries, highlighting the severity of this preventable disease. However, there is considerable heterogeneity in estimates of the CFR, and insufficient data on prognostic factors and vulnerable subpopulations. More studies are needed to estimate heterogeneity in the CFR by age and the impact of emerging AMR.
Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online. Consisting of data provided by the authors to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the authors, so questions or comments should be addressed to the corresponding author.
Notes
Author contributions. V. E. P. and J. B. conceived the study. Z. P. wrote the protocol, assisted by N. J. S., M. A., V. E. P., and J. B., and Z.P. and M.A. performed the database search. Z. P. and N. J. S. conducted the data screening and selected articles for inclusion. Z. P. and N. J. S. extracted data from French and English articles, and M. A. extracted data from Spanish articles. Z. P. performed all analyses and wrote the first draft. V. E. P. and J. B. played a guiding role in this whole process and resolved any issues when they arose. All authors revised the draft and approved the final version for publication. Figure 5 . Risk of bias assessment. The proportion of all studies (n = 42) judged to have high (black), low (dark gray), or unclear (light gray) risk of bias is plotted for each of the 4 categories: measurement, attrition, surveillance, and population bias. Studies reporting a separate case fatality rate for typhoid and paratyphoid fever were included only once.
